The levels of mRNA for long and three short forms of prolactin receptor (PRLR) were examined in the livers of normal (db+/db ) and insulin-resistant diabetic (db+/ db+) mice to assess the role of gonadal steroid hormones in the regulation of PRLR gene expression in diabetes mellitus. In females, plasma levels of testosterone in diabetic mice were higher, and those of 17 -estradiol were lower when compared with levels in normal mice. By contrast, diabetic male mice had lower plasma levels of testosterone than normal males and showed no significant difference in the low circulating level of 17 -estradiol compared with normal males. The short 3 form of PRLR (PRLR3) mRNA was the most abundant in the liver of both normal and diabetic mice. In addition, the level of PRLR3 mRNA in normal females was 8-fold higher than in normal males. The level of PRLR3 mRNA in diabetic females was approximately a quarter lower than in normal females, whereas the level of PRLR3 mRNA in diabetic males was approximately 2-fold higher than in normal males. During postnatal development, the level of PRLR3 mRNA increased during puberty in normal females, while the level in diabetic females decreased to a nadir at 7 weeks of age followed by a progressive rise. On the other hand, the levels of PRLR3 mRNA in both normal and diabetic males decreased gradually during 5 to 14 weeks of age. Testosterone treatment of diabetic males and females resulted in a 49·1 and 49·8% decrease of PRLR3 mRNA respectively. 17 -Estradiol treatment slightly (18%) increased levels of PRLR3 mRNA in diabetic males. These results suggest that the hepatic level of PRLR mRNA is regulated by the inhibitory effect of testosterone and the stimulatory effect of estrogen in both normal and diabetic mice.
Introduction
Prolactin receptor (PRLR) is a member of the cytokine receptor superfamily localized in the cell membrane, and mediates the effect of PRL on its target tissues. PRLR has been cloned from various species (Boutin et al. 1988 , Davis & Linzer 1989 , Shirota et al. 1990 , Moore & Oka 1993 and shown to exist in at least two isoforms, short and long, depending upon the length of the cytoplasmic domain. The long form of PRLR has been shown to mediate the PRL stimulation of milk-protein gene expression in the mammary gland through a Janus kinase/signal transducer and activator of transcription pathway (Rui et al. 1992) . However, the physiological role of short forms still remains unclear.
Although PRLR is widely distributed in mammalian tissues, the short form of receptor mRNA is most abundant in the liver (Davis & Linzer 1989) . The pituitary has an important role in regulating hepatic PRLR (Posner et al. 1974 ) since pituitary hormones, including growth hormone (Norstedt et al. 1981) and PRL (Manni et al. 1978) , were thought to induce PRLR in the liver. On the other hand, earlier studies showed that hepatic PRLR is also influenced by gonadal steroid hormones. In female rats, ovariectomy leads to a decrease in the number of PRL binding sites in the liver, which is reversed by estrogen treatment (Kelly et al. 1975) . In male rats, castration results in an increase in the number of liver PRL binding sites, while testosterone administration leads to a decrease (Aragona et al. 1976 , Kelly et al. 1977 . The levels of PRL binding sites vary during puberty (Maes et al. 1983) , pregnancy and lactation ( Jahn et al. 1991 , Buck et al. 1992 . More recently, it has been shown that the hepatic expression of PRLR gene is stimulated by estrogen and inhibited by testosterone (Sakaguchi et al. 1994) .
Possible alterations in hepatic PRLR gene expression in endocrinological disorders have not been examined extensively. Among such diseases, diabetes mellitus may be of interest because it is accompanied by disturbances in gonadal steroid hormones. Diabetic women have an increased incidence of menstrual irregularities and hypogonadotropic hypogonadism, whereas impotence, loss of seminal emission and impaired spermatogenesis are well recognized in men with diabetes mellitus. In these patients, disturbances in the production and secretion of gonadal steroid hormones have been observed (Djursing et al. 1982 , Semple et al. 1988 . In addition, streptozotocin (STZ)-induced diabetic rats were shown to have gonadal steroid hormone disorders, such as low levels of testosterone in males and high levels of testosterone in females, which were accompanied by changes in PRL binding sites in the liver (Baxter et al. 1981 , Bryson & Baxter 1986 ). In the present study, we examined the importance of gonadal steroid hormone disorders in the regulation of hepatic PRLR gene expression in insulin-resistant diabetic mice (db+/db+) by examining the levels of PRLR mRNA using the quantitative reverse transcriptase polymerase chain reaction (RT-PCR).
Materials and Methods

Animals
Diabetic mice of C57BL/Ks inbred strain (db+/db+) and age-matched control mice (db+/db ) were purchased from Jackson Laboratory, Bow Harbor, ME, USA. The symptoms of diabetic mice (db+/db+), caused by loss of leptin receptor, include hyperglycemia, polyuria, glycosuria, hypogonadism, extreme obesity and progressive insulin resistance. All animal care and study protocols were in compliance with the US National Institutes of Health guidelines. Treatment with 17 -estradiol and testosterone was started at 7 weeks of age and continued for 8 days. 17 -Estradiol (Sigma Chemical Co., St Louis, MO, USA) was injected daily s.c. at a dose of 10 µg in corn oil and testosterone propionate (ICN Biochemicals, Costa Mesa, CA, USA) was injected daily s.c. at a dose of 100 µg in corn oil. The mice were killed by exsanguination under isoflurane anesthesia (Anaquest, Madison, WI, USA) from 1000 to 1300 h. Blood was collected by vena cava puncture using a heparinized syringe and centrifuged at 8700 g for 15 min to obtain plasma for the assay of 17 -estradiol and testosterone; the plasma was kept at 80 C until assay. Liver tissues were quickly removed and frozen immediately on dry ice. The samples were kept at 80 C until use.
RNA preparation
Liver tissues were homogenized and total cellular RNA was extracted by the guanidinium thiocyanate/cesium chloride method (Sambrook et al. 1989) . The amount of total RNA was quantitated by spectrophotometry (Beckman, DU-64, Fullerton, CA, USA) at 260 nm. Aliquots were randomly chosen and loaded on a 1·5% agarose gel to examine the relative intensity of bands of 28S and 18S rRNAs. Similar intensities were observed in all samples (data not shown).
Plasmid construction for synthetic internal control DNA (cDNA)
Primers and synthetic internal control DNA used for quantitative RT-PCR are shown in Fig. 1 . The plasmid pRM252 contains a 2·0 kb cDNA fragment encoding mouse mammary PRLR long form ligated into pSKII(+) vector, and the plasmid pRM301 contains a 1·1 kb cDNA fragment encoding mouse mammary PRLR short 1 form ligated into pSKII(+) vector. The plasmid pRM299 was constructed by cutting the plasmid pRM252 at the NheI and HindIII sites and ligating with a 12 bp linker. The plasmid pRM304 was constructed by digestion of the plasmid pRM301 with NdeI and NcoI and ligated with a 12 bp linker. The plasmid pRM304 was further digested with PstI and inserted into the binding site for the primer P5 and P6, which corresponds to cytoplasmic regions specific to PRLR short 2 form and 3 form respectively. The plasmid pRM299 was amplified by PCR using the 5 primer, nP3-P1, which corresponds to a cDNA sequence for PRLR short form and long form respectively, and the 3 primer, P4-nP66, which corresponds to a cDNA sequence for PRLR short 1 form and long form respectively, and the product was subcloned into the vector of pCRII using an original TA cloning kit (Invitrogen, San Diego, CA, USA). This plasmid was digested with ACCI and EcoRI, and the resulting fragment was inserted into the plasmid pRM304, which was pre-digested with ACCI and EcoRI to prepare internal control DNA. The primers used for these procedures were as follows: 
Internal control RNA (cRNA) preparation
The plasmid for the generation of cRNA was linearized by digestion with SstII. cRNA was synthesized using this linearized plasmid as a template and T7 RNA polymerase. One microgram proteinase K-treated DNA template was incubated at 37 C for 30 min under the following conditions: 5 transcription buffer, 10 mM ribo(r)ATP, 10 mM rGTP, 10 mM rCTP, 10 mM rUTP, 0·75 M dithiothreitol and 10 U T7 RNA polymerase (Stratagene, La Jolla, CA, USA) in a total reaction volume of 25 µl. After completion of the transcription reaction, the reaction mixture was treated with 10 U RNase-free DNaseI (Stratagene) and incubated at 37 C for 15 min, followed by the phenol-chloroform extraction. After ethanol precipitation with ammonium acetate, cRNA was resuspended in diethyl pyrocarbonate-treated water. Upon electrophoresis, a single band of cRNA with an expected size was observed on a 1·5% agarose gel. The cRNA solution was diluted to 1 10 6 molecules/µl in diethyl pyrocarbonate-treated water with 1 U/µl RNase inhibitor (Stratagene) and stored at 80 C.
Quantitative RT-PCR
The levels of PRLR mRNA were measured by a quantitative PCR using an internal control RNA which contained multiple sites for primers corresponding to mRNAs for various forms of PRLR. This method allowed us to determine the number of PRLR mRNA molecules in total RNA samples. Primers used in this procedure were the same as those used in construction of plasmid for synthetic internal control RNA (Fig. 1) . This method of quantitative PCR was based on a published modified procedure (Wang et al. 1989 , Nagano & Kelly 1994 ).
RT-PCR was carried out according to the manual provided by the supplier (Perkin-Elmer-Cetus, Norwalk, CT, USA). A titration assay was first performed to estimate the amount of RNA molecules. The mixture of 10 ng total RNA and various dilutions of cRNA were reverse-transcribed in 20 µl reaction volume. Reverse transcription was performed for 15 min at 42 C in a reaction buffer containing 2·5 µM random hexamers, 1 mM dNTP, 1 U RNase inhibitor and 2·5 U murine leukemia virus reverse transcriptase. The RT reaction was terminated by heating at 99 C for 5 min and the samples quick-chilled on ice. The amplification conditions were as follows: 2 mM MgCl 2 solution, 1 PCR buffer containing 1·0 10 6 c.p.m. of 5 end labeled primer, 100 ng 5 non-labeled primer (P1 or nP3), 100 ng 3 non-labeled primer (nP66 or P4, P5, P6) and 2·5 U Taq polymerase. The amplification reaction included the following sequential steps: denaturation at 95 C for 2 min and at 94 C for 1 min, annealing at 60 C for 1 min and extension at 72 C for 2 min. Thirty cycles of amplification were completed with an additional extension step at 72 C for 7 min. Based on the results of the initial titration assay, appropriate amounts of cRNA and total RNA were mixed and reverse transcribed in a total reaction volume of 20 µl at 42 C for 15 min under the same conditions as the initial titration assay. After the reverse transcription reaction, 3-fold serial dilutions of RT reaction mixture were prepared. Ten microliters of each dilution of RT reaction were amplified under the same conditions as the initial titration assay. The resulting PCR products were electrophoresed in a 5% polyacrylamide gel in Tris-borate/EDTA electrophoresis buffer. The gels were dried and exposed for autoradiography. Specific bands corresponding to the various forms of PRLR were cut out from the dried gel and the radioactivity was determined by a liquid scintillation spectrophotometer. Radioactivity (c.p.m.) was plotted against the amount of templates and the linear regression of each curve was calculated. The absolute number of total mRNA for PRLR was estimated by extrapolating the value of 1 ng total RNA to the internal control. As negative controls, we performed RT-PCR without reverse transcriptase or RNA. The count rates of these negative controls were at the level of background. The coefficient of variation between assays was estimated to be 7·4% for the short form and 5·8% for the long form (n=8).
RIA of 17 -estradiol and testosterone
17 -Estradiol and testosterone concentrations in plasma were determined using RIA kits (Diagnostic Products Co., Los Angeles, CA, USA). These procedures were based on antibody-coated tubes. Binding of 125 I-labeled gonadal steroid hormones to their antibodies was competed by gonadal steroid hormones in the sample. After incubation, separation of bound and free 125 I-labeled hormones was achieved by decanting. Then, the radioactivity in the tubes was counted in a gamma counter, and the quantities of gonadal steroid hormones in the sample were determined according to calibration curves.
The detection limit of the assay for 17 -estradiol was 0·029 nmol/l, and crossreactivity to other steroid hormones was less than 5%. On the other hand, the detection limit of the assay for testosterone was 0·14 nmol/l and crossreactivity with dihydrotestosterone was less than 5%.
Statistical analysis
All results are expressed as the mean ... Data were analyzed by a non-parametric test (Mann-Whitney U test) and P values <0·05 were considered to be statistically significant.
Results
Comparison of PRLR mRNA in the liver of normal and diabetic mice
Initially we determined by RT-PCR that mRNAs for the long and three short forms of PRLR were present in the liver of both normal and diabetic mice used in this study. Fig. 2A shows the hepatic levels of mRNA for the four forms of PRLR in both normal and diabetic females of 7 weeks of age. It can be seen that mRNA for PRLR3 was present at a level of 3·8 10 5 molecules/ng total RNA in normal females and 1·0 10 5 molecules/ng total RNA in diabetic females, indicating that the level of PRLR3 mRNA in diabetic females was significantly (P<0·05) lower than in normal females. The short 3 form was most abundant among the four PRLR mRNAs in both cases, and the levels of mRNA for the other three forms of PRLR were also significantly (P<0·05) lower in diabetic mice than in normal mice, although their levels were much lower compared with those of PRLR3 mRNA.
As shown in Fig. 2B , PRLR3 mRNA was also the most dominant species among the four PRLR mRNAs in both normal and diabetic males of comparable age. In contrast to females, however, the level of PRLR3 mRNA in diabetic males was 1·0 10 5 molecules/ng total RNA, which was approximately two times higher than in normal males. The data also indicated that the levels of mRNA for the other two short forms of PRLR were significantly (P<0·05) elevated when compared with normal males. In addition, comparison of the data in Fig. 2A and B revealed that the level of PRLR3 mRNA in normal females was much higher than in normal males. However, such a sexual difference was not apparent in diabetic mice, partially due to the elevated level of PRLR3 mRNA in diabetic males. Similar sexual differences were found in the levels of mRNA for long, short 1 and short 2 form PRLR in both normal and diabetic mice, although the levels were much lower than those of PRLR3 mRNA. Accordingly, we focused our studies on PRLR3 mRNA in subsequent experiments.
Developmental changes in the hepatic level of short form PRLR mRNA in normal and diabetic mice
In order to further investigate the above findings that hepatic levels of PRLR3 mRNA are different between normal and diabetic mice as well as between sexes, the PRLR3 mRNA levels in the livers of female and male mice were examined at different stages of postnatal development.
As shown in Fig. 3A , the level of PRLR3 mRNA in normal females increased progressively between 5 and 11 weeks of age. The PRLR3 mRNA level in diabetic females was slightly lower than in normal females at 5 weeks, decreased further to a nadir at 7 weeks and thereafter gradually increased to a level which was about half of that in normal females at 14 weeks.
In male mice, the levels of PRLR3 mRNA in normal males were lower than those in diabetic mice during 5 to 14 weeks of age, and the mRNA levels decreased gradually during these periods in both cases (Fig. 3B) .
Plasma levels of 17 -estradiol and testosterone in normal and db/db mice of different ages
The observed sexual and developmental differences in the hepatic levels of PRLR3 mRNA suggested the possible involvement of gonadal steroid hormones, 17 -estradiol and testosterone, which act as a positive and a negative factor respectively, in regulation of PRLR gene expression in the liver ( Jahn et al. 1991) . Accordingly, plasma levels of 17 -estradiol and testosterone were examined at various developmental stages of both normal and diabetic mice.
As shown in Table 1 , plasma levels of 17 -estradiol in both normal and diabetic females at 7 weeks of age were below the level of detection (0·029 nmol/l). At 11 and 14 weeks of age, however, normal females had much higher levels compared with diabetic females. On the other hand, the plasma levels of testosterone were lower in normal females than in diabetic females at 7 and 11 weeks of age.
In contrast to female mice, plasma levels of 17 -estradiol were generally too low to be detected in both normal and diabetic males (Table 2) , although some diabetic males had slightly detectable but low levels. Plasma levels of testosterone were clearly higher in normal males than in diabetic males at 7 and 11 weeks of age, although no significant difference was found between the two at 14 weeks. These results indicate that the circulating levels of 17 -estradiol and testosterone are altered in diabetic female and male mice.
Effects of estradiol and testosterone on the short 3 form of PRLR mRNA in normal mice and db/db mice
In order to determine the hepatic response to gonadal steroid hormones, the effects of an 8 day administration of 17 -estradiol and testosterone on the level of PRLR3 mRNA in the liver of normal and diabetic mice of 7 weeks of age were examined. The mean plasma levels of 17 -estradiol in mice treated with 17 -estradiol were 1·1 and 3·6 nmol/l in normal and diabetic females and 1·3 and 2·9 nmol/l in both males respectively. On the other hand, the mean plasma levels of testosterone in mice treated with testosterone propionate were 9·3 and 35·8 nmol/l in both normal and diabetic females and 29·1 and 29·3 nmol/l in both normal and diabetic males respectively. As shown in Fig. 4A , administration of 17 -estradiol increased the PRLR3 mRNA level in both normal and diabetic females, although the increase was smaller in diabetic mice. On the other hand, administration of testosterone propionate resulted in substantial decreases in the mRNA levels in both normal and diabetic female mice. Experiments using male mice also indicated that the PRLR3 mRNA level was slightly increased by 17 -estradiol treatment and decreased by testosterone treatment in both normal and diabetic mice (Fig. 4B) .
Discussion
In the present study, we examined the hepatic expression of PRLR gene in diabetes mellitus by comparing the levels of mRNA for various forms of PRLR in normal and diabetic (db+/db+) mice of both sexes. In agreement with the previous study (Davis & Linzer 1989) , we found that PRLR3 mRNA was the most abundant species of PRLR mRNA in the liver and that its level in normal mice was much higher in females than in males. We also found that the hepatic expression of PRLR gene was clearly altered in diabetic mice of both sexes. Thus, the hepatic level of PRLR3 mRNA in diabetic males was higher than in normal males, whereas the level in diabetic females was lower than in normal females. These results also indicate that gender is a major determinant for the hepatic expression of PRLR gene in both normal and diabetic mice.
Earlier studies showed that the binding activity of PRLR in the liver is regulated positively by estrogen and negatively by androgen (Kelly et al. 1975 (Kelly et al. , 1977 ). For example, the level of PRL binding sites in female rat liver was shown to decrease after ovariectomy (Kelly et al. 1975) , whereas castration caused an increase in the number of PRL binding sites in male liver (Aragona et al. 1976). In addition, during puberty, when the production and secretion of gonadal steroid hormones increase, the hepatic level of PRL binding sites was found to increase in female but decrease in male rats (Maes et al. 1983) . It was also shown immunocytochemically that the amount of PRLR in the liver of gonadectomized rats was increased by estrogen treatment and decreased by androgen treatment (Smirnova et al. 1994) . Furthermore, it was recently shown that the levels of mRNA for the long and short forms of PRLR in rat liver decreased in males but increased in females during the course of sexual maturation (Sakaguchi et al. 1994 ). Our present results show similar developmental changes in the level of PRLR mRNA in the liver of normal male and female mice. Moreover, we found that administration of 17 -estradiol increased the hepatic level of PRLR3 mRNA in both female and male normal mice, whereas the levels of mRNA in these animals were decreased by testosterone treatment. These data are consistent with the view that both estrogen and testosterone play a major role in regulation of the PRLR gene expression in the liver.
To evaluate the possible involvement of gonadal steroid hormones in altered expression of the PRLR gene in the liver of diabetic mice, we examined the circulating level of 17 -estradiol and testosterone in diabetic mice. Our studies showed that the plasma levels of testosterone in diabetic female mice were higher than those in normal females, whereas the levels were lower in diabetic male mice than in normal males. On the other hand, the plasma levels of 17 -estradiol in diabetic female mice were lower than in normal females, whereas the levels were higher in diabetic males than in normal males (Tables 1 and 2 ). At 14 weeks of age, the levels of PRLR mRNA were significantly reduced in diabetic females, whereas the serum levels of testosterone in normals was higher than in diabetics, and the levels of PRLR mRNA in normal males were significantly reduced whereas the serum levels of testosterone and 17 -estradiol were similar in normal and diabetic animals. To account for these findings, the involvement of other factors, such as growth hormone and PRL may need to be considered at this stage. Studies with STZ-induced diabetic rats also showed that the circulating level of testosterone decreased in males but increased in females (Baxter et al. 1981) . These changes in the circulating levels of gonadal steroid hormones were found to be inversely related to the level of PRLR3 mRNA in the livers of diabetic males and females, suggesting that alterations in the circulating levels of estrogen and testosterone are, at least in part, responsible for the changes in the hepatic expression of PRLR gene in diabetic mice.
Of the two major gonadal steroid hormones, the inhibitory effect of testosterone was more clearly observed than the stimulatory effect of 17 -estradiol (Fig. 4) . It is conceivable that an increase in plasma testosterone during puberty could decrease the level of PRLR mRNA in diabetic female mice, whereas the decrease in the level of testosterone could account for the rise of PRLR in diabetic male mice. The effect of testosterone appears to be directly on the liver because the liver contains testosterone receptors and testosterone reduces the number of PRL binding sites independently of their effect on plasma PRL (Kelly et al. 1977) . In contrast, an increase in the level of plasma 17 -estradiol could cause the rise of PRLR mRNA in diabetic male mice, whereas a decrease in the level of estradiol in diabetic female mice could reduce the hepatic PRLR mRNA content. The stimulatory effect of estrogen on hepatic PRLR may be mediated, at least in part, by the hypothalamus-hypophyseal system, since estrogen is incapable of increasing the level of PRLR in hypophysectomized rats (Norstedt & Mode 1982) and pituitary PRL is able to up-regulate its own receptor (Manni et al. 1978) . In female diabetic mice, the levels of PRL in orbitally collected sera were lower than normal until 12 weeks of age, and thereafter the levels increased to normal levels (Sinha et al. 1979) . These results are consistent with our findings of the changes of hepatic PRLR mRNA in diabetic female mice during the postnatal period. It is possible that the PRLR gene expression is regulated by the balance between the inhibitory effect of testosterone and the stimulatory effect of 17 -estradiol at different postnatal stages.
We found that both male and female diabetic mice responded to the stimulatory action of estrogen and the inhibitory action of androgen by altering the expression of the PRLR gene when these gonadal steroid hormones were administered. These results suggest that these mice retain their responsiveness to gonadal steroid hormones. It was noted, however, that the response of diabetic mice to estrogen was less than that of normal mice, suggesting that diabetic animals may have some defects in the estrogenreceptor mediated signal transduction pathway. At present, the consequences of altered hepatic expression of PRLR gene in diabetes are unclear, because the functions of PRL and its receptor in the liver are not known. It was reported that PRL stimulates ornithine decarboxylase (Richard 1975) , somatomedin release (Francis & Hill 1975) and the production of synlactin in the liver (Mick & Nicoll 1985) and regulates the function of bile salt transporter (Ganguly 1997) . In STZ-induced diabetic female rats, there is a significant correlation between the reduction in the number of PRL binding sites and the decrease in serum levels of somatomedin-C/insulin-like growth factor-I, suggesting that PRLR may be involved in somatomedin release from the liver (Bryson & Baxter 1986 ). Recent studies suggest that the short form of PRLR is internalized and mediates the action of PRL on the liver (Ouhtit et al. 1994) . The physiological roles of the different PRLRs in short isoforms need to be elucidated.
Testosterone has been found to reduce glucose tolerance (Shoupe & Lobo 1984) , whereas estrogen has been shown to increase insulin production (Costrini & Kalkhoff 1971) and to act with insulin to increase glucose uptake into cells (Kalkhoff 1975) . In the diabetic state, testosterone augments susceptibility to development of hyperglycemia, whereas estrogen blocks it (Paik et al. 1982) . These observations suggest that the balance of androgenic and estrogenic actions in the liver may be important in the regulation of glucose metabolism. It remains to be determined whether altered expression of the PRLR gene due to gonadal steroid hormones disorders in diabetic mice affects glucose metabolism in the liver. The role of PRL and its receptor in the liver needs to be clarified along with elucidation of the molecular mechanism of PRLR gene expression by gonadal steroid hormones.
